A. This invention relates to optical waveguide multimode to Single mode transformers and to applications of Such trans formers in transferring optical Signals from a laser to an optical fiber.
BACKGROUND OF INVENTION
Advances in optical amplifiers based on either erbium doped fiber or Raman amplification require increased power launched into a Single mode optical fiber. Single mode lasers used as pumps for optical amplifiers can provide launched powers of approximately 200 mW at a wavelength of 980 nm. The requirement of Single mode operation limits the width of the laser active layer to 3-4 microns. This results in high optical power density at the mirror of the laser and consequently mirror damage. Higher powers are provided by arrays of Single mode pump lasers, with each laser operating at a slightly different wavelength. The different wavelengths can be combined into a single mode fiber using wavelength division multiplexing techniques. This approach is limited in the number of lasers that can be practically operated at the same time, as well as by the finite spectral width of the pumping band of optical amplifiers.
Significantly larger output powers can be obtained from broad area lasers, which typically have transverse dimen sions of 10 to 100 microns, and without any structures that might Stabilize the mode. It thus cannot operate in the lowest transverse mode. The output is divergent, 30-40 degrees in the vertical direction, because the mode in the laser is confined to a very thin active region and it is diffracted at the laser facet. Devices with an active region width of 100 microns typically can provide power output of up to two watts. However, a limitation of a broad area laser is the filamentary nature of the laser field, which in the absence of any mode Stabilizing Structure breaks up into filaments resulting in non-uniform optical power density acroSS the mirror. This type of laser may be used as a pump in amplifiers or lasers that do not require coupling to Single mode fibers. In fact coupling to a Single mode fiber is not possible because of the multimode nature of broad area lasers.
Use of a pointed tapered waveguide for coupling a laser to an optical fiber has been proposed in "Efficient coupling of a Semiconductor laser to an optical fiber by means of a tapered waveguide on silicon, Y. Shani, C. H. Henry, R. C. Kistler, K. J. Orlowsky, and A. Ackerman, Appl. PhyS. Lett., vol. 55, pp. 2389 Lett., vol. 55, pp. -2391 Step portion to control lateral waveguiding of light propagated along the waveguide Structure, and the output waveguide Section includes an output waveguide portion having a real indeX step between the core layer and the cladding layers, and is functional to output a light beam having Similar vertical and horizontal divergences. This enhances coupling of the light beam to a Single mode optical fiber.
A preferred embodiment of the invention employs two types of Solid State optical waveguide, to provide, on the one hand, efficient coupling to the laser by using a ridge waveguide to implement an effective index Step structure, and on the other hand, to provide efficient coupling to a Single mode optical fiber by using a waveguide with a real indeX step. A real indeX step may be obtained by using as the core of the waveguide, a material having an index of refraction that is larger than the index of refraction of the cladding layer. This can be done by Surrounding the material of the core layer with a material having a lower index of refraction. This is in contrast to Structures in which the effective index of refraction is increased, in the lateral direction, by a confinement Structure fabricated in or on the cladding layer. Such a waveguide can be formed by etching the core layer to define an upstanding rib along the length of the core, without introducing any differences in the materials of the core layer of the waveguide. The transition of the fundamental mode of the optical beam from one type of waveguide to the other is accomplished adiabatically in order to minimize optical losses. In addition, a croSS sectional plane is defined at which the modes of the two types of waveguide are closely matched. Such a circuit is referred to as a mode transformer, which functions to transform a multimode optical Signal to a single (fundamental) mode optical signal. Advantageously, the real indeX waveguide Section can be Structured to output a light beam having Similar vertical and horizontal divergences, enhancing coupling of the light beam to a Single mode optical fiber. In an alternative implementation, the mode transformer utilizes a Solid State waveguide, which has a tapered P-doped Silicon dioxide core on a Silicon nitride layer to obtain an effective increase in the index of refrac tion.
A mode transformer embodying the invention may be employed in conjunction with a Solid State laser to imple ment an external cavity Solid State laser. A Solid State laser is coupled to output a divergent beam, multimode optical Signal, including a fundamental mode, to an optical waveguide mode transformer. The Solid State laser and the optical waveguide mode transformer have anti-reflective coated neighboring end Surfaces, the laser has a high reflec tivity coated opposite Surface and the mode transformer has a low-reflectivity coated opposite end Surface. The optical waveguide mode transformer comprises low refractive indeX cladding material on either Side of a high refractive indeX core layer and the core layer may include a lengthwise extending ridge having a width that functionally changes along its length to accept the multimode optical Signal output from the Solid State laser to transform the fundamen tal mode of the multimode optical Signal to a single funda mental mode optical signal, without significant loss of intensity of the fundamental mode Signal. This fundamental mode Signal is propagated to an output Section of Said optical waveguide mode transformer, terminating at the low reflec tivity coated end of the mode transformer, which Supports Single mode propagation of Said fundamental mode optical Signal.
It should be emphasized that a mode transformer embody ing the invention does not function to convert the order of the transverse mode of optical radiation, Specifically, it does not convert higher order modes to the fundamental mode.
The mode transformer functions, in one direction of propagation, to change the field distribution of the funda mental mode of a multimode input signal from a large Spatial extent to a Small one, and Vice versa in the opposite direction of propagation, with minimal loSS of fundamental mode beam intensity, i.e. adiabatically. AS the dimension of the transverse mode is reduced by reducing the width of the taper Section of the Solid State waveguide, higher order modes cannot be Supported any more and are radiated out (stripped) from the sides of the waveguide core.
In application to amplifiers pumping Single mode fibers, a lens formed at the input end of the fiber results in higher launched power. In other applications, where high power launched into Solid State waveguide is of interest, a cylin drical lens (e.g. a piece of optical fiber) is placed between the laser and the cleaved input face of the waveguide of the mode transformer. The latter application relies on broad area lasers. The effect of the lens is to collimate laser output in a Vertical direction. A mode transformer embodying the inven tion can be used, in combination with the laser and a cylindrical lens, to Stabilize the laser output in the funda mental mode and to couple it efficiently into a single mode fiber. Throughout the Specification and claims, references to "multimode" and "single mode" apply to the transverse (horizontal) dimension of the waveguide (unless otherwise Stated); in a vertical dimension, it is assumed only a single (fundamental) mode is Supported. In the vertical direction the peak power is always at the center of the waveguide. The output can be described as having a single lobe in the Vertical direction, centered at the active region of the waveguide. In a single mode waveguide this will also be true in the horizontal direction. However, if the waveguide becomes wider, in the horizontal direction, other modes become possible. These may have, for instance, a minimum at the center of the waveguide between two Symmetric maxima. There are Small differences in wavelength between these two types of modes but the present invention is primarily concerned with Spatial distributions of intensity. Intermediate the lateral edges of the waveguide Strip 12, the upper cladding layer 12b defines an upstanding ridge 12c extending along the length of the core layer, preferably equidistant from both lateral edges of the core layer 12. The core layer 12a Supports vertical Single mode waveguide operation and the width of the ridge 12c provides lateral waveguiding, confining optical transmission to the width of the ridge portion.
The optical fiber 3 has a "gathering" lens 4 at its front end, Suitably formed by either etching or machining or heat treating the end of the fiber until a Suitable convex Surface is formed. The laser 1, mode transformer 2 and optical fiber S 3 are mounted in physical proximity to each other, typically the laser 1 and the optical fiber 3 each being Separated from the mode transformer 2 by Several microns.
The mode transformer 2 is designed to couple a highly divergent (primarily in a vertical plane) multimode light output from the laser 1 to the single mode lensed fiber 3.
CroSS Sectional views of the mode transformer 2 are depicted in FIGS. 1c, 1d, and 1e. The mode transformer 2 has a semiconductor (e.g. Silicon) Substrate 100 on the top surface of which is formed an optical waveguide strip 102 which extends between opposite front and back end Surfaces (or facets) of the substrate 100. The waveguide strip 102 comprises a high refractive indeX core layer 102a, Suitably silicon nitride, located between cladding layers 102b, Suit ably silicon dioxide, which has a lower refractive index than Silicon nitride, Such.that there is a high refractive indeX difference between the core layer 102a and the cladding layers 102b.
Intermediate the lateral edges of the waveguide Strip 102, the core layer has a low, upstanding ridge or Stepped portion 102c extending along its length, preferably equidistant from both lateral edges of the core layer 102. The core layer 102 has a height d over its lateral edge margins which increases by an amount h (to d+h) over the central stepped region at the input and output ends of the mode transformer 2, have coatings 104 and 106, respectively. The coating 104 is an anti-reflection coating and the coating 106 has controlled reflectivity of about ten percent (10%). The combination of materials used for the core layer and the cladding layer provides high index difference between the core and clad ding layers, to assure large acceptance angle at the input Section 110 of the mode transformer 2 to enhance the amount of optical radiation transferred from the laser 1 to the mode transformer input Section 110. The lateral waveguiding is obtained by forming a ridge in the core layer, as shown in cross-section in FIGS. 1b, 1c, and 1d, which increases the effective index of refraction. The width of the ridge, in relation to its height, is Selected in known manner to ensure lateral confinement of the propagated optical radiation essentially in the region at the transition between the ridge and the underlying core material.
The waveguide mode transformer includes four Sections indicated in FIG. 1a. At the input section 110 the ridge 102c has a width W1, matching that of the ridge 12c of the laser 1, permitting acceptance of multimode optical Signals from the broad area laser 1. In a multimode to fundamental mode transformer section 120 the ridge 102c is gradually tapered in width from W1 down to W2. The height of the ridge remains constant. The tapered Section 120 functions to radiate out from its sides (i.e. to Strip) higher order modes of the multimode optical Signal accepted into the waveguide input Section from the laser 1, where the waveguide width is W1. In the tapered section 120, the waveguide ridge 102c is tapered, narrowing in width gradually from W1 to W2, and transitions to section 130 which has a ridge 102c of constant width W2. At the narrower waveguide section 130, where the width is W2, only the fundamental mode of the multi mode optical Signal received from the laser 1 remains. The rate of taper of the ridge along Section 120 is Selected to assure adiabatic change in the width of the fundamental mode of the optical Signal during propagation along the tapered section from the waveguide input section 110 (width W1) to the section 130 (width W2), i.e. essentially without loSS in intensity of the fundamental mode of the optical signal. In section 130 only the fundamental mode of the optical Signal remains. The overall length of the tapered regions 142, 144 is, in practice, a trade off between lowering Signal loSS in the section 140 and practical preference for a short section 140. The first tapered region 142 has an increasing width taper which functions to expands the fundamental mode of the optical Signal received from the narrow ridge waveguide Section 130 in the transverse, horizontal direction. In this tapered region 142, the height of the ridge 102c is constant. At the transition 146 between the tapered regions 142 and 144, the wide end of the tapered region 144 is wider than that of the tapered region 142 to accommodate the expanded fundamental mode optical Signal exiting the tapered region 142. For the particular embodiment being described, at the transition 146 between two tapers of section 13, the effective width of the single mode is 1 micron wider than that of the ridge; the width is determined by the Selection of materials of the waveguides and the height and width of the ridge. Along the output region 148 of the section 140, the waveguide core layer ridge 102c has a constant width, terminating at the front end surface of the substrate 100 for outputting to the Single mode optical fiber 3, a single mode optical beam having Similar vertical and horizontal diver gences. In this output region 148, only the outer, edge regions of the lateral margins of the core layer 102 remain, the intervening portions having been etched through to produce an increasing width taper portion 147, having a contour indicated by broken lines in FIG. 1a , in which the core layer is not present. In the tapered regions 142,144, the Single mode optical beam is first expanded and then tapered down in order to improve lithographic tolerance required to form the waveguide. This does not produce any appreciable additional loss. The wedge shaped etched region 147 is designed to produce total internal reflection, at the Silicon dioxide (102b)-silicon nitride core (102a) interface, of radiation Stripped from the tapered waveguide in Section 120 and propagating back towards the back interface 106 after reflection from front end surface 104 of the waveguide 102.
In a particular design embodiment, a waveguide including a core layer of Silicon nitride having a thickness d=0.15-0.18 micron would provide an acceptance angle of 35-40 degrees at the input section 110 of the mode trans former 2. The desired lateral waveguiding is obtained by forming the low core layer ridge as shown in cross-section FIGS. 1b, 1c, and 1d, with a step of h=10 nm which is Sufficient to assure Single mode operation with a ridge width up to about 4 microns. In the multimode to fundamental mode transformer section 120 the ridge 102c would be gradually tapered in width from W=10-50 microns down to W2=4 microns. The height of the ridge remains constant. The taper region in the Section 120 extends over a distance of 1-2 mm, to permit an adiabatic change (in terms of optical Signal fundamental mode intensity) from multimode to fundamental mode optical signal. In the section 130, the ridge width remains constant at W2. In the output Section 7 140, the first tapered region 142 has an increasing width taper from 4 to 6 microns. The taper of the region 144 commences with a width of about 7 microns at the transition 146 and tapers down to W3=1 micron, appropriate for the real indeX waveguide Structure. At the transition from the tapered region 142 to the tapered region 144, the effective width of transverse fundamental mode of the optical signal is about 1 micron wider than the width of the ridge 120c. The overall length of the tapered regions 142,144 is about 1 mm. At the output region 148, the silicon nitride core width has reduced to about 1 micron. Its thickness d+h is the same as that of the silicon nitride layer of sections 110, 120 and 130.
For this geometry (d=0.15 micron) an output optical beam divergence of 20 (horizontal)x24 (Vertical) degrees may be obtained.
Another way of obtaining controllable lateral confinement is to form a waveguide Structure, in which the vertical confinement is provided by a uniform width silicon nitride core layer 102a with a thickness d=0.15 micron, and an overlying layer of lower refractive index, doped Silicon dioxide to form the ridge 102c, instead of the silicon nitride ridge described with reference to FIGS. 1a-1d. The silicon dioxide ridge, with a thickness h1=0.5-1.0 micron, may be doped with about 7% of phosphorus to assure a sufficiently high index of refraction. The structural layout of the mode The output power of a laser can be increased by increasing the width W1 of the active region. This results in multi transverse mode operation and Such a laser cannot be used to provide an optical input to a single mode optical fiber. The mode transformer devices described with reference to FIGS. 1 to 3 can be used to assure Single transverse mode operation of a high power laser with a wide active region, provided the mode transformer device is effectively part of the laser cavity. The laser 1 and mode transformer described with reference to FIG. 1 laser. The light output from laser 1 is coupled to the waveguide of the mode transformer device 2. In a typical embodiment the laser has an active core ridge layer 12c width W1 greater than 10 microns, matched to the width W1 in the input section 110 of the mode transformer 2. The light guiding structure of the laser (ridge 12c) is about 1.0 micron thick. In order to form the overall laser cavity, the back facet 16 of the laser 1 is high-reflection coated while the front facet 14 is anti-reflection coated. This Suppresses laser operation within the internal cavity of the laser 1. The back facet 106 of the mode transformer 2 is also anti-reflection coated, thus preventing feedback to the laser 1. The front facet 104 of the mode transformer 2 has controlled reflec tivity of about 10%. This configuration results in lasing in the external cavity defined by the coated surfaces 16 and 104. The light output from the front Surface 104 is well matched to the Single mode optical fiber 3, terminated with a lens 4. Since the single mode waveguide section 130 of the mode transformer 2 transmits only the fundamental mode, Vertical and lateral, of the optical Signal, the optical feedback from surface 104 Supports only the fundamental mode. This Stabilizes the laser operation in a fundamental lateral mode. Another possibility of providing Single mode feedback is to place a reflective grating in the fiber itself. In this case the Surface 104 is made to minimize reflections. By placing a narrow width reflection grating, Such as a conventional fiber Bragg reflector, in the Single mode optical fiber 3, the range of emission wavelength of the overall System (i.e. laser, mode transformer and optical fiber) may be selected.
It should be emphasized that reflections from the end facets of the mode transformer 2 are detrimental to the operation of the laser in the fundamental mode. The pres ence of feedback would introduce a cavity between facets at which the reflection originates and the back facet of the pump laser 1. Such cavities destroy fundamental mode Selection. It is thus important to minimize reflections. This can be done by providing anti-reflection coating of the facets, as described above. (In context, 10% reflectivity used on a facet that forms a part of the external cavity laser, is a Significant reflectivity; to prevent reflections, reflectivities of less than 0.1% are desirable. This Section 212 introduces an optical path length equal to 80/4, the purpose of which is to add a phase factor equal to It to this branch of the laser cavity and thus correct for the phase difference between the two lobes.
Another way of avoiding unwanted cavities is shown in  FIG. 6 which is a top view of the illustrated structure. In this configuration the active region (core layer 12a and ridge 12b) of the laser 1a is tilted, laterally, suitably at an angle of There is a spectral range over which a Semiconductor laser can be made to lase, i.e. the laser exhibits gain for a range of wavelengths. In a normal, cleaved, cavity the laser emits at a wavelength which coincides with the peak of this gain curve. An external cavity laser can be made to lase at different wavelengths, as long as these wavelengths are within the gain curve. It is possible to form an array of external cavity lasers each having a different wavelength of operation and each outputting to an individual optical fiber. This can be done in a number of ways. The most direct way is to use Bragg reflectors with slightly different wavelengths, located in the optical fibers. AS long as these wavelengths are within the gain peak of the Semiconductor laser different wavelengths of operation will be obtained. Since each laser output is confined to a Single mode fiber, different wave lengths of emission can be combined into one output optical fiber using conventional multiplexing techniques. An example of Such a multiplexing device is an array of asymmetric Mach-Zehnder interferometers (MZI) for to define phase loops around the portions of the waveguides between the 3 db couplers. Between the 3 db couplings associated with the waveguides WG3, WG4, the waveguide WG3 is incrementally longer (by an amount L1) than the waveguide WG4, the increment L1 being selected so that the fundamental modes of the optical Signals having wave lengths 23 and 24 received from the lasers outputting those wavelengths, are interleaved on the waveguide WG3. Waveguides WG1 and WG2 include a similar phase shift loop functioning to interleave the fundamental modes of the optical Signals having wavelengths 21 and 22 on the waveguide WG2. In turn, the 3 db couplings between the waveguides WG2 and WG3 define a phase shift loop serving to interleave the fundamental mode optical Signals in a sequence 21, 22, 23, 24 on waveguide WG3 which is coupled by the waveguide output section MT5 to the output port 104. (It will be appreciated that the structure shown in It will be apparent to those skilled in the art that further developments and modifications of the invention may be realized within the Scope of the claims.
What is claimed is:
1. 3. An optical waveguide transformer according to claim 1, wherein Said core layer, Said ridge and Said cladding layers each comprises a Silicon compound.
4. An optical waveguide transformer according to claim 3, wherein Said core layer and Said ridge each comprise Silicon nitride.
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5. An optical waveguide transformer according to claim 4, wherein Said cladding layers comprise a Silicon oxide.
6. An optical waveguide transformer according to claim 1, wherein Said core layer and Said ridge comprise different Silicon compounds.
7. An optical waveguide transformer according to claim 5, wherein Said core layer comprises Silicon nitride and Said ridge comprises doped Silicon oxide having a lower refrac tive indeX than the core layer.
8. An optical waveguide mode transformer according to claim 1, wherein the core layer extends between two end Surfaces of Said waveguide Structure, a said end Surface at the input waveguide Section including an antireflective coating, and a said end Surface at the output waveguide Section including a low reflectivity coating.
9 11. An external cavity Solid State laser according to claim 10, wherein Said optical waveguide transformer core layer ridge transitions from Said narrowing tapered region over a increasing width taper Section to a decreasing width taper Section to Said narrow width Supporting Single mode propa gation of Said fundamental mode optical Signal.
12. An external cavity laser according to claim 9, includ ing a Single mode optical fiber coupled to receive Said fundamental mode optical Signal from Said output Section of the optical waveguide transformer.
13 16. An optical waveguide transformer according to claim 14, wherein Said narrow output Section core layer ridge comprises an increasing width taper region, followed by a decreasing width taper region, followed by a constant width region that interSects Said back end Surface of the Second optical waveguide mode transformer, Said decreasing taper region having a wider end that is wider than the wider end of Said increasing taper region.
17. An optical waveguide transformer according to claim 16, wherein in Said decreasing width taper region and Said output waveguide region, Said core layer underlying Said ridge is separated from margin areas at Said outer areas of Said core layer by interposed cladding material to define a tapered interface between said margin areas of Said core layer and Said cladding material, Said tapered interface increasing in width towards the output end Surface of Said optical waveguide transformer.
18. An optical waveguide transformer according to claim 15, wherein Said narrow output Section core layer ridge comprises an increasing width taper region, followed by a decreasing width taper region, followed by a constant width region that interSects Said back end Surface of the Second optical waveguide mode transformer, Said decreasing taper region having a wider end that is wider than the wider end of Said increasing taper region.
19. An optical waveguide transformer according to claim 18, wherein in Said decreasing width taper region and Said output waveguide region, Said core layer underlying Said ridge is separated from margin areas at Said outer areas of Said core layer by interposed cladding material to define a tapered interface between said margin areas of Said core layer and Said cladding material, Said tapered interface increasing in width towards the output end Surface of Said optical waveguide transformer.
